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Metric solar radio bursts can be a tool to trace non-thermal electron beams and 
plasma-wave propagation in the corona by analyzing their spectral structures and variations. 
Moreover, meter-wavelength radio waves are the only tool that is suitable the observations 
in the region where the particle acceleration process occurs during solar flares, because it is 
difficult to monitor such regions using soft and hard X-ray and ultraviolet (UV) telescopes. 
Therefore, it is important to monitor and analyze details of the spectra of metric solar radio 
bursts to understand the processes responsible for generation and propagation of 
non-thermal particles and plasma waves in the corona. 
Solar Type IV bursts are a type of intense radio phenomenon that accompanies solar 
flares. Following their discovery by Elgarøy (1959), many observations have suggested that 
Type IV bursts are accompanied by several kinds of spectral fine structure. One type of 
prominent fine structure is fiber bursts, which are generally assumed to be emitted by 
whistler-mode waves propagating in the solar corona. Recent observations over a frequency 
range of several GHz with high frequency and time resolution have revealed that 
narrowband fine structures similar to fiber bursts occur in Type IV bursts. In the 
meter-wavelength range, however, few spectral observations with high resolution have been 
carried out, unlike at decimeter wavelengths. By performing observations that can detect 
spectral fine structure in metric Type IV bursts, it is possible to obtain another powerful 
remote-sensing tool to survey as-yet unknown physical plasma processes, including the 
process responsible for the generation of energetic particles and the propagation of plasma 
waves during solar flares, in the region where X-ray and UV observations cannot be used.  
Therefore, this study focuses on integrated studies of metric solar radio observations 
with high frequency and time resolution. This research involved the following steps: (i) 
development of a new solar radio spectrograph, the Zao Solar Radiospectrograph (ZSR), 
with an operating wavelength in the metric range and with high frequency and time 
resolution, using array antennas at Zao observatory, (ii) observations of solar radio fine 
structures with the ZSR and analysis of the data thus obtained, and (iii) investigation of the 
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fine structures across a wider frequency range, obtained with a large-aperture radio 
telescope and a high-frequency and high-time resolution spectrograph (IPRT/AMATERAS). 
 
New instrumentation for metric solar radio bursts: ZSR 
Development of the ZSR was carried out by modification of the array antenna system 
for the observation of Jovian synchrotron radiation located at the Zao observatory of 
Planetary Plasma and Atmospheric Research Center, Graduate School of Science, Tohoku 
University, Japan (Watanabe et al., 2005). It has the ability to observe solar radio bursts in 
the frequency range from 315 to 332 MHz with a resolution of 10 ms and 100 kHz, which is 
ten times higher resolution than typical for previous solar radio spectral observations at 
meter wavelengths. The achieved minimum detectable flux achieved is 4.10 and 4.33 SFU 








Detection of narrowband drifting fine structures with the ZSR 
Narrowband, fiber-like structures in the spectra of Type IV bursts were detected with 
the ZSR on 2 and 3 November 2008. Statistical analysis of the drift rates shows that most 
have different spectral characteristics from those of metric fiber bursts as regards the sign 
and the magnitude of the drift rate. First, the observed drift rates show both positive and 
negative rates, whereas the metric fiber bursts usually exhibit negative drift rates. Secondly, 
the absolute values of the observed drift rates are tens of MHz s
-1
, while the typical drift rate 
of fiber bursts at 325 MHz is approximately -9 MHz s
-1
 (Benz and Mann, 1998). In addition, 
all fine structures analyzed have a narrow emission bandwidth of less than 17 MHz. 
The observed narrowband emission features with drift rates of a few tens of MHz s
-1
 
have been interpreted by application of the generation process model for metric fiber bursts; 
that is, the emission features are thought to be caused by whistler-mode waves propagating 
in the corona. 
These observed narrowband events are difficult to detect with previous study’s 
spectrographs, which are usually characterized by a frequency resolution of 1 MHz and a 
time resolution of 0.1 s. These results imply that higher frequency and time resolution (such 
as 100 kHz and 100 ms) is necessary to investigate fine structures accompanying Type IV 
bursts.  
Particle and plasma-wave dynamics responsible for the observed fine structures are 
discussed. By detection of a Type U burst in dynamic spectra and comparison with soft 
X-ray imaging data of the flare region taken by Hinode/XRT, it is shown that the observed 
fine structures can be explained as emission caused by upward- and downward-propagating 
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whistler-mode waves inside the magnetic flux tubes of post-flare loops, which are generated 
by electron beams that are accelerated by side-lobe reconnection in the lower corona.  
In the present observations using ZSR, only one event was detected that consisted of a 
radio burst with narrowband fine structure. The number of events is too small to determine 
their occurrence rate. In addition, the frequency range of the ZSR observations is too narrow 
to explore their association with other radio bursts in different frequency ranges, the 
evolution of the coronal loop structures, or the distribution of energetic electrons obtained 
by imaging observations such as with Hinode, which would be helpful for understanding the 
plasma processes involved during solar flares. 
These problems can be resolved with new wideband and high-resolution observations 
of solar radio bursts with IPRT/AMATERAS (Iwai et al., 2012).  
 
Narrowband fiber bursts (NFBs) in Type IV bursts observed with IPRT/AMATERAS 
AMATERAS, installed on the Iitate Planetary Radio Telescope (IPRT/AMATERAS) 
was developed by Iwai et al. (2012) and enables us to observe solar radio bursts over the 
frequency range from 150 to 500 MHz with a time resolution of 10 ms, a frequency 
resolution of 61 kHz, and a minimum detectable flux of 0.7 SFU. Moreover, both left- and 
right-handed polarized components can be observed simultaneously. Its performance for 
observations of metric solar radio bursts is the highest in the world as of January 2013. 
Type IV bursts observed on 7 June, 2 and 4 August, and 6 September 2011 are 
analyzed in this study. They contain the spectral fine structures within drifting 
narrow-frequency bands. In this study, these fine structures are termed as narrowband fiber 
bursts (NFBs). They are similar to the phenomena previously reported by both Elgarøy and 
Sveen (1979) in the meter-wavelength range, and Chernov et al. (2008) in the decimeter 
range. The present analysis of the event on 7 June 2011 yielded the following results: (i) the 
individual NFBs has negative frequency drift with about -30 MHz s
-1
, (ii) in dynamic 
spectra, NFBs exhibit two types of large-scale frequency drift, characterized by negative 
and positive frequency drift rates, (iii) the negative frequency drift is almost the same as that 
of the individual NFBs, while the positive one is about 90 MHz s
-1
.  
Based on the observed characteristics, the generation mechanism of NFBs are 
discussed as follows: (i) the observed negative frequency drift rate of NFBs can be 
explained by the propagation of whistler-mode waves in the corona; (ii) the observed 
frequency interval of NFBs is too small to account for it by application of double plasma 
resonance (DPR) theory, which was applied to similar phenomena in the frequency range 
above 1 GHz (Chernov et al., 2008); and (iii) a new model is proposed in which a single 
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NFB is emitted from a localized micro-scale emission region and widely distributed 
emission regions form a group of NFBs. The regions are generated by upward 
whistler-mode waves and intermittent downward-propagating electron beams.  
 
 
The present study proposes new generation mechanisms for radio fine structures in the 
spectra of Type IV bursts. Based on these results, the present study has achieved two major 
advances.  
First, the importance of solar radio observations with high frequency and time 
resolution has been demonstrated. The present observations reveal that the spectra of the 
metric Type IV bursts have spectral fine structures with a narrow emission frequency band 
of a few MHz and a frequency drift rate of a few tens of MHz s
-1
. This type of radio 
emission is difficult to detect with spectrometers with resolutions typically used previously 
in the meter-wavelength range. The present observations suggest that spectral observations 
with a frequency resolution of 100 kHz and a time resolution of 10 ms are required to 
investigate the details of energetic particles and plasma-wave dynamics in the corona. 
Second, the observations have revealed new types of metric solar radio bursts emitted 
by whistler-mode waves in the corona, in addition to the fiber bursts reported in previous 
studies. This indicates that a new remote-sensing tool has been obtained for tracing 
whistler-mode waves in the corona. This will enable us to obtain a powerful tool to 
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Chapter 1  
Introduction 
1.1 The Sun 
The Sun is a star which belongs to the Galaxy and the central body of our solar system. 
It has about                  of equatorial radius and about        
     of 
mass. The distance between the Sun and the Earth is about                 .  
The Sun sometimes brings about eruptive phenomena, such as flares and coronal mass 
ejections (CMEs). They are caused by the interaction of the magnetic fields emerging from 
the solar surface. These eruptions disturb corona, interplanetary space, and the ambient 
region of the Earth. The plasma disturbance in the space around the earth, that is, the 
terrestrial magnetosphere and ionosphere are known well to influence the infrastructure of 
our modern life. Therefore, the investigation of the physical process of such coronal 
eruptive phenomena is essential to the study of the space weather and our society. 
1.1.1 The atmosphere of the Sun 
The atmosphere of the Sun is made of 4 components: photosphere, chromosphere, 
transition region and corona.  
The photosphere is the visible surface of the Sun and has 500 km of the thickness. The 
temperature is about 6,000 K and decreases with the altitude. 
In the chromosphere, the temperature increases with its height, and is about 4,000 - 
6,000 K. The thickness of the chromosphere is about 2,000 km.  
The region above the chromosphere is called the corona, which is the main target of 
this thesis. The corona mainly consists of fully ionized plasma and the temperature reaches 
more than 1MK. The boundary layer of the chromosphere and the corona is called transition 
region which is characterized with the steep temperature gradient. Figure 1.1 shows a model 
of the temperature and the electron density in these four layers of the solar atmosphere.  
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1.1.2 Solar flare 
The solar flare is well-known as the eruptive phenomenon with the most massive scale 
in the solar system. It is defined as the sudden enhancement of the electromagnetic radiation 
in all over the spectrum as shown in Figure 1.2. Coronal plasma heating and mass motions, 
that is, coronal mass ejections (CMEs) and jets are accompanied by the solar flares.  
The huge amount of energy is released within a fraction of a second and is transferred 
into kinetic energy of plasma particles, thermal energy and electromagnetic radiation with 
some acceleration processes. The total amount of released energy is up to      J in the 
case of a large flare.  
Solar flares is classified into 5 (A, B, C, M, or X) classes according to their X-ray flux 
in the wavelengths range of 1-8   by using the GOES (Geostationary Operational 
Environmental Satellite) observation. Figure 1.3 shows a sample of the classification of 
X3.4 class flare on December 13, 2006. Very small events are called A class flare (flux 
intensities of A class flares are between      W/m2 and      W/m2), and the extremely 
large flare is called X class flare (flux intensities of X class flares are between      W/m2 
and      W/m2). These classes are logarithmically defined, so that one X class flare is 10 
times stronger than one M class flare.  
It is well-accepted that flares are triggered by magnetic reconnections in the corona. 
This concept was verified with the observations of Yohkoh satellite (Ogawara, et al., 1991) 
in the 1990s. One of the such observations is Masuda et al. (1994), which discover hard 
X-ray emissions above the soft X-ray bright flare loops (Figure 1.4). They showed that the 
reconnection process is common in solar flares. A schematic of the standard reconnection 
model of a solar flare and a CME is demonstrated in Figure 1.5. 
1.1.3 Parameters in the corona 
(I) The Magnetic field in the corona 
The solar magnetic field controls the dynamics and topology of all coronal phenomena. 
Heated plasma and non-thermal particle accelerated with solar flares can only propagate 
along magnetic field lines, which come up from the inhomogeneous magnetic field on the 
solar surface such as sunspots with strong magnetic field of thousands of Gauss.  
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Dulk and McLean (1978) gave an empirical compilation of coronal magnetic field 
measurements and derived an formula that approximately renders the average decrease of 
the magnetic field with height between 1.02 and 10 solar radii 
where    is the radius of the Sun. The estimated electron cyclotron frequency in the corona 
with Equation (1.1) is shown in Figure 1.7. 
(II) The plasma density in the corona 
The density structure in the corona has been derived from white-light observations 
during solar eclipse. It is approximated by an average density profile known as the 
Baumbach-Allen formula (e.g., Allen, 1947) 
There are, however, many dynamic processes that heat up the chromospheric plasma, 
which is driven upward into the corona and it produces inhomogeneity of plasma densities 
in the corona. Figure 1.6 shows a compilation of density measurements sampled in coronal 
holes, quiet Sun, Coronal streamers, and active regions (Aschwanden and Acton, 2001). A 
brief summary of the coronal density measurements and models is also given in Warmuth 
and Mann (2005). 
Number density of coronal plasma during the solar flares is known to reach several 
times that of quiet Sun. Morimoto and Kai (1961) investigated the height of the 200 MHz 
solar radio bursts assuming the radiation in the plasma frequency  
where   and    are the charge and mass of electron, and    is the permittivity of free 
space. By comparing the results with Equation (1.2), they showed that 10 times of Equation 
(1.2) showed an appropriate fit to the results. Therefore, the 10 times Baumbach-Allen 
formula for the number density of coronal plasma is often used to assume the emission 
region of solar radio bursts (e.g., Paesold et al., 2001), and we are going to apply the same 
way to estimate the emission height from the surface of the Sun in this thesis. 
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1.2 Radio emission from the Sun 
Radio emission from the Sun is observed for the first time by the air-defense radar 
system of the Royal Air Force in 1942 during World War II. The fact was concealed as a 
military secret during the war, and Appleton and Hey (1946) reported it for the first time 
that the phenomena were associated with solar flares. After that, solar radio emissions were 
studied with many observations, and Wild (1963) classified them into several groups.  
(I) Emission from the quiet Sun:  
This is the minimum (zero-sunspot) component of the radio emission from the Sun and 
generated by thermal radiation. The spectrum is approximated by blackbody radiation and 
the equivalent temperature has the range between     and     K at the wavelength 
longer than cm.  
(II) Slowly varying component (S component) 
This emission originates in coronal condensations overlying active regions and well 
correlated with the sunspot number. The generation mechanism is the gyroresonance 
emission from the sunspot which has strong magnetic fields on the surface of the Sun.  
(III) Radio bursts 
Radio emission from the Sun sometimes varies rapidly and its brightness temperature 
rises up to      K. It is called “radio burst” and thought to be caused by non-thermal 
energetic electrons generated in the corona mainly by solar flares.  
The solar radio bursts have characteristic spectral structures and they are firstly 
classified into 5 types (Type I – V bursts) with the morphology in a radio spectrogram and 
the correlation with a solar flare. They are described in a review article by Wild (1963). 
Type I bursts is one of the radio phenomena observed in the meter wavelengths range 
and have two components: the one is narrow band (the total bandwidth is few percent of the 
emission frequency) emission with short time duration (0.1-1 s) and the other is wideband 
continuum emission with long duration (from hours to days). Unlike other types of solar 
radio bursts, it does not have definite correlation with solar flares (e.g. Elgarøy, 1977). The 
generation mechanism of Type I bursts is not clear.  
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Type II - V bursts are all associated with solar flares. Type II bursts have slowly 
drifting spectra (about 2 MHz s
-1
 at metric wavelength range) and appear sometimes with 
harmonic structures. They are thought to be radiated by non-thermal electrons accelerated 
by the coronal shocks and often are accompanied with CMEs.  
Type III bursts have rapid negative frequency drift about -100 MHz s
-1
 at metric 
wavelength range. They are generated by non-thermal electrons propagate along open 
magnetic field lines in the corona and the interplanetary space with the speed of           
(  is the speed of light). Fast electrons that propagate along closed field lines also generate 
Type III-like bursts; they are called J bursts or inverted-U burst according to their spectral 
shapes (e.g., Aschwanden et al., 1997).  
Type V bursts are a continuum burst which appears after Type III bursts and they are 
interpreted that they are caused by the same electrons which generate Type III bursts.  
Solar radio emissions are considered to generated by several mechanisms:  
 Free-free emission 
 Gyroresonance emission 
 Gyrosynchrotron emission 
 Electron-cyclotron maser emission 
 Plasma emission 
In the meter wave range, the plasma emission mechanism considered to be dominated. 
Non-thermal electrons generated by some acceleration processes excite plasma waves, and 
the excited waves converted to radio waves with the mode conversion process. Radio waves 
are detected as solar radio bursts by the ground-based radio observation after propagation to 
the earth.  
1.3 Solar Type IV bursts 
Type IV bursts are the most powerful radio bursts during solar flares. They mainly 
consist of continuum radio emission with wide frequency range exceeds hundreds of MHz. 
The Type IV burst was firstly discovered by Boischot (1957) and was associated with the 
synchrotron radiation of high energy electrons trapped into a closed magnetic loop or 
magnetic clouds. However, after the study of Benz & Tarnstrom (1976), the possibility of 
synchrotron radiation was excluded and a coherent plasma radiation process has been 
assumed to be predominant in the metric and decimetric wave range.  
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1.3.1 Spectral fine structures 
(I) Fiber bursts 
After the report of Elgarøy (1959), many observations of Type IV bursts have revealed 
that they have accompanied several kinds of fine structures. One of the prominent fine 
structures in Type IV bursts is the fiber burst. It was detected for the first time by Young et 
al. (1961) and called as intermediate drift burst (IMD) in the literature. The same kind of 
bursts has been also reported by Thompson and Maxwell (1962), Slottje (1972), Aurass et al. 
(1987), and others. A sample of fiber burst observation is shown in Figure 1.10. Recently, 
observations in the decimetric and microwave range have been carried out by many studies. 
For example, Benz and Mann (1998) investigated fiber bursts in a frequency range of 1-3 
GHz. Chernov et al. (2001) and Fernandes et al. (2003) also reports the observational 
results with high resolution in a frequency range above 1GHz.  
Fiber bursts have following main characteristics: (i) their drift rate is usually negative, 




                                
            (1.4) 
and the drift/frequency ratio,          , is of the order of 0.04-0.1    , (iii) the 
instantaneous bandwidth is about 2 % of the emission frequency (Benz and Mann, 1998), 
and (iv) a parallel drifting absorption band in the background radiation of the Type IV 
continuum burst accompanies (e.g., Chernov, 2006).  
(II) Zebra patterns 
Zebra pattern is another type of fine structure of the Type IV burst. It consists of many 
(up to a few tens) simultaneous excited parallel stripes of closely spaced, nearly 
equally-spaced intervals of frequencies. Figure 1.11 shows a sample of the observation of a 
zebra pattern.  
Many mechanisms have been proposed to explain the zebra pattern’s structures, such 
as Kuijpers (1975b), Winglee and Dulk (1986), Chernov (2006), Treumann et al. (2011) and 
so on. However, Most of them are based on the emission of electrostatic plasma waves at 
the upper hybrid frequency     in the corona and involve mechanisms based on the 
double plasma resonance (DPR), which assumes that the electrostatic waves excited at the 
upper hybrid frequency where it becomes a multiple of the electron-cyclotron frequency 
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where    is the electron plasma frequency,    is the electron cyclotron frequency, and   
is the integer harmonic number. Winglee and Dulk (1986) described the observations and 
the conditions in the corona in the best way, based on unsaturated electron-cyclotron maser 
emission by electrons with a loss-cone distribution. 
(III) Other fine structures 
Type IV bursts have some other types of fine structures. The most known phenomena 
of them is a pulsation, which is a broadband quasi-periodic modulations of radio brightness 
with periods from 0.1 to 10s. The observations of the pulsation are summarized in Nindos 
and Aurass (2007), and the theories of the pulsation is reviewed in Aschwanden (1987).  
Catalogue of fine structures of Type IV bursts are summarized by Bernord (1980), 
Güdel and Benz (1988), and Isliker and Benz (1994). 
1.3.2 Theoretical studies of fiber bursts 
Kuijpers (1975a) proposed a emission mechanism of fiber bursts, the interaction of a 
Langmuir wave and a whistler wave, producing a transverse wave (     ) that can 
escape from the emission region. The process is as follows (and also shown in Figure 1.12): 
(i) the electrons accelerated above the closed magnetic loop during a solar flare propagate 
downward along the magnetic field line, and bounce due to the adiabatic invariance of the 
flux through the particle’s orbit, (ii) they excite upward whistler-mode waves propagating 
upward in the corona along the magnetic field lines, and then, (iii) the generated 
whistler-mode waves interact with Langmuir waves and are converted into radio waves. 
This theory has been well-accepted nevertheless there had been some criticism and 
proposals of other radiation mechanisms (e.g., Bernold and Treumann, 1983; Kuznetsov, 
2006). Recently, Aurass et al. (2005) shows the validity of this process with the estimation 
of magnetic field strength with fiber bursts. The observations and theories of fiber bursts are 
reviewed in Chernov (2006). 
                  (1.5) 
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1.3.3 Recent high resolution observation 
After around 1980, some spectral observation studies of solar radio bursts with high 
resolution have been carried out, and some narrowband fine structures similar to fiber bursts 
in Type IV bursts have been reported.  
Firstly, Elgarøy and Sveen (1979) held an observation in the range between 490 and 
550 MHz with the resolution of 0.02 s and 0.3 MHz. They reported a new species of fine 
structures, that is, drifting spikes (Figure 1.13). They had negative frequency drift and the 
average value was -23 MHz s
-1
. The similar radio phenomena in the metric wavelength 
range were reported again by Magdalenić et al. (2006), and they call them supershort 
structures (SSSs).  
After 1990s, the interests of the studies for spectral observation of solar radio bursts 
have tend to look forward higher frequency ranges, especially over 1 GHz. For example, 
Mészárosová et al. (2008) reported decimetric dot emissions in Type IV burst. Moreover, 
Chernov et al. (2008) and Jiřička and Karlický (2010) reported narrowband drifting stripes 
superimposed on Type IV bursts in the range between 1.1 and 2 GHz (Figure 1.16). 
Chernov et al. (2008) found several characteristics of them as follows: (i) narrowband fibers 
drifted almost always to lower frequencies and their drift rate was almost equal to the 
typical value of usual fiber bursts, (ii) sometimes the fibers showed a regulated structure in 
the form of large-scale zebra pattern stripes, and (iii) the frequency separation between each 
large-scale zebra pattern stripes was explained by the DPR condition (Equation (1.5)).  
Unlike the decimetric wavelength range, few spectral radio observations with high 
resolution in the meter wavelength range have been carried out. This is mainly because 
strong radio frequency interferences have been increasing in the metric range and made the 
metric spectral observation difficult extremely (e.g., Benz et al. 2009). Radio frequency 
interference is much stronger than any natural radio emissions, so that the saturations of the 
received signals in receivers and analyzers probably become a serious problem.  
 9 
1.4 Spectral radio observation at meter wavelengths range 
1.4.1 Significance of observation with high spectral resolution in the 
meter wavelengths range 
Spectral observation of solar radio bursts in the meter wavelengths has some 
significance.  
Firstly, the metric and decimetric solar radio bursts radiated by plasma emission 
process can be a tool for tracing non-thermal electron beams and plasma wave propagation 
in the corona by analyzing their spectral structures and variations. 
Secondly, it is difficult to monitor by soft and hard X-ray and ultraviolet telescopes the 
coronal region where we can observe with the metric radio spectrograph. The metric 
wavelength radio waves are only one tool for the observation of such region in the corona.  
Moreover, this region is also approximately equal to the region where non-thermal 
electrons are generated with flares as shown in Figure 1.17. Therefore, it is important to 
monitor and analyze details of the spectra of metric solar radio bursts for understanding the 
proceses for generation and propagation of non-thermal electrons and plasma waves in the 
corona. 
1.4.2 Review of previous spectral observation in the meter wavelengths 
range 
There are many radio spectrometers for solar radio emissions in the metric wavelength 
range, such as Phoenix in Switzerland (Benz et al. 1991), BSS in Brazil (Sawant et al., 
2001), AIP in Germany (Mann et al., 1992), HiRAS in Japan (Kondo et al., 1995), Culgoora 
in Australia (Prestage et al., 1994), etc. Table 1.1 shows a list of representative observatories 
conducting the spectral observation of solar radio emissions in the metirc and decimetric 
wavelength range, with the performance of their instruments.  
Recently some observatories have achieved a high time resolution, of the order of 
milliseconds (e.g. Phoenix-2), but the coverage of the frequency range is limited in such 
high temporal observation mode due to the problem related to the duration in sweeping 
frequency. The highest resolution in wideband spectral observations has been achieved by 
IZMIRAN with resolutions of 40 ms in time and 200 kHz in frequency (Gorgutsa et al., 
2001), while the typical frequency resolution in wideband spectral observation is 1 MHz. 
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Therefore, in the previous observation studies of solar radio bursts, resolutions were often 
limited to 100 ms in time and 1 MHz in frequency. 
Such resolutions, however, are not enough to investigate the details of fine structures 
of radio bursts such as fiber bursts, which have about 1 MHz of instantaneous bandwidth at 
300 MHz range. Some studies with high spectral resolution have revealed the new class of 
radio fine structures (e.g., Magdalenić et al., 2006) but these kind of observations is still not 
adequate, especially in metric Type IV bursts. More highly resolute observation and detail 
analyses are required for the understanding of fine structured radio bursts and important in 
understanding particle and wave dynamics in the solar corona. 
1.5 Purpose of this thesis 
As described above, solar Type IV bursts have several kinds of the spectral fine 
structures, such as fiber bursts, zebra patterns, etc. Additionally, the recent observations in a 
frequency range above 1 GHz have been revealed that Type IV bursts in the decimetric 
wavelengths range have subclasses of the fine structures with narrowband emission 
frequency and drifting stripes (e.g., Chernov et al., 2008). Some of them have been 
attempted to explain their emission mechanisms by using the frame of fiber bursts such as 
Kuijper (1975).  
In the meter wavelengths range, however, the insufficiency of observation with high 
time and frequency resolution has prevented us to know about following matters: 
 Is there any kind of narrowband fine structure in Type IV bursts like what has been 
confirmed in a frequency range above 1 GHz? 
 Is there any kind of metric radio burst that is radiated by whistler-mode waves in the 
corona like fiber bursts? 
 How do the already confirmed special fine structures in meter wavelengths range 
which were reported in  
These questions are crucial in elucidating the aspects of plasma physics phenomena in the 
solar corona such as wave-particle interactions, propagation of waves and particles during 
solar flares.  
From these reasons, this thesis attempts to observe metric solar radio bursts with high 
frequency and time resolution, and obtain the new aspects of spectral fine structures of solar 
Type IV bursts. This study started with the development of a new solar radio spectrograph 
in the metric wavelength range with high frequency and time resolution using array 
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antennas at Zao observatory of Planetary Plasma and Atmospheric Research Center, 
Graduate School of Science, Tohoku University. The development and calibration of the 
instrument is described in Chapter 2. The observation at Zao observatory and the emission 
mechanism of the observed radio phenomena are described in Chapter 3.  
Moreover, to investigate fine structures of solar radio bursts in wide frequency range, 
we performed the analysis of radio spectral data obtained by high aperture radio telescope 
and high frequency and time resolution spectrograph (IPRT/AMATERAS), which was 
developed by Iwai (2011) and Iwai et al. (2012). The performance for observation of metric 
solar radio bursts is the highest in the world as of January, 2013. The overview of 
IPRT/AMATERAS is summarized in the Section 2.2, and the analysis and discussion are 
described in Chapter 4.  






Figure 1.1 The model of temperature and electron density in the atmosphere of the 




Figure 1.2 A schematic of light curves of electromagnetic and particle radiation during 
a typical solar flare (adapted from Kane, 1974). 
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Figure 1.3 A sample of the classification of X3.4 class solar flare on December 13, 2006 
is shown. The diagram indicates the light curves of the GOES X-ray flux intensity in 
the period of December 11, 2006 to December 14, 2006. (provided by NOAA / Space 





Figure 1.4 Hard X-ray (HXR) and soft X-ray (SXR) images of the January 13, 1992 
flare. HXR loop-top source is located above the apex of the SXR loop. This result 




Figure 1.5 A schematic of the standard model of the phenomenon observed as a CME 





Figure 1.6 Compilation of measurements and models of the coronal plasma density in 
the height range between 0.003 and 0.8 solar radii from the surface of the Sun (After 
Aschwanden and Acton, 2001).  
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Figure 1.7 Electron cyclotron frequency in the corona estimated with the magnetic 
field model of Dulk and McLean (1978). 
 
 
Figure 1.8 Schematics of dynamic spectrum of the metric solar radio bursts 
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Figure 1.9 Spatial geometry and schematic dynamic spectrum of quasi-periodically 
injected electron beams, for the case of injection into open (top row) or closed (second 
to forth row) magnetic field lines. Note the typical low-frequency cutoff and curvature 
in the drift rate for electron beams propagating along closed field lines, for the case of 
J, U, or RS bursts. The flux and quasi-periodicity is randomly modulated to simulate a 




Figure 1.10 Dynamic spectra and light curves at 204 MHz (indicated by the arrow on 
the frequency scale of dynamic spectra) of left and right-handed circular polarized 
components. The fiber bursts with constant negative drift rate and and the absorption 
line at the low frequency edge are identified (Chernov et al., 1975).  
 
 




Figure 1.12 A schematic of the emission mechanism of fiber bursts proposed by 
Kuijpers (1975a). The electrons accelerated above the flare loop propagate downward 
along the magnetic field line, and bounce due to the adiabatic invariance of the flux 
through the particle’s orbit. They excite upward whistler-mode waves propagating 
upward in the corona along the magnetic field lines. The generated whistler-mode 
waves interact with Langmuir waves and then emit radio waves (adapted from 
Kuijpers, 1975a).  
 
 
Figure 1.13 Dynamic spectra showing drifting spikes observed at September 18, 1974 




Figure 1.14 An example of narrowband spike-like SSSs (Magdalenić et al., 2006). 
 
 
Figure 1.15 (Top) A sample of dynamic spectrum with dot emissions arranged as 
fiber-like chains on October 19, 1999. (Bottom) A light-curve of radio flux at 1265 




Figure 1.16 The beginning of the November 3, 2004 event in the frequency range 1.100 
– 1.340 GHz, showing moderate right-hand polarized component. The small-scale 




Figure 1.17 A schematic of a flare model inferred from the magnetic topology 
constraint of simultaneously detected upward and downward electron beams, in radio 
and hard X-ray observations. The acceleration site is located in a low-density region 
with a density of   
       cm-3, which corresponds to about 500 MHz of the electron 
plasma frequency and, after all, the emission frequency (Aschwanden and Benz, 1997). 
 
 
Table 1.1 A list of the observation site for spectral observation for meter wave solar 
radio emissions (Adopted from Benz et al., 1991, Mann et al., 1992, Sawant et al., 2001, 
Gorgutsa et al., 2001, Kondo et al, 1995).  
 
 
Observatory Frequency range Frequency resolution Time resolution  
Phoenix-2 (Switzerland) 100 MHz - 4 GHz 1,3,10 MHz 0.5 – 1000 ms 
AIP (Germany) 40 – 800 MHz 0.8 MHz 0.1 s 
BSS (Brazil) 200 MHz – 2.5 GHz 1-10 MHz 10-1000 ms 
IZMIRAN (Russia) 25 – 250 MHz 200 kHz 40 ms 






Chapter 2  
Observation 
In this chapter, two instruments for spectral observation of solar radio bursts are 
introduced. One is Zao Solar Radio spectrograph (ZSR), which is a new instrumentation 
established in this thesis. The other is IPRT/AMATERAS, constructed by Iwai (2012) and 
Iwai et al. (2012). The observation results and analysis of the data obtained by ZSR are 
presented in Chapter 3, those of IPRT/AMATERAS are in Chapter 4.  
2.1 Zao Solar Radio spectrograph (ZSR) 
A new instrumentation for the observation of solar radio emission in the UHF range 
was built in the Zao observatory of Planetary Plasma and Atmospheric Research Center 
(latitude: 38◦06′, East longitude: 140◦32′, Altitude: 685 m) in June 2008, based on system for 
observation of Jovian synchrotron radiation by Watanabe (1998) and Watanabe et al. 
(2005). 
In this chapter, the design of this observation system and the details of each unit are 
showed in Section 2.1.1 The properties of the system are evaluated in Section 2.1.2. 
2.1.1 System design 
The observation system consists of the following two parts: a receiver system and a 
control system. The receiver system consists of an antenna, a front-end which has a Low 
noise amplifier (LNA) unit and a hybrid amplifier, and a back-end with units of a power 
combiner, a spectrum analyzer and a personal computer (PC) as shown in Figure 2.1. Most 
part of the antenna and front-end were developed by Watanabe (1998) and Watanabe et al. 
(2005) to observe Jovian synchrotron radiation. To apply them to observation of solar radio 
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emissions, some changes were held. The control system consists of two parts: systems of 
antenna control and preamplifier assembly control. 
(I) Antenna 
The type of the antenna is 8x727HVM, a     stacked 27 element cross YAGI antenna 
manufactured by Creative Design Corp., covering the frequency around 322 MHz to 332 
MHz. The photo of the antenna is shown Figure 2.2. The signal received by each pick-up is 
combined to one signal through the combiners as shown in Figure 2.3. A Cable from one 
pick-up to the final combiner is designed to be the same electrical length as the other cables.  
 
(II) Front-end 
Figures 2.4-2.6 show the photo of the preamplifier assembly, that of the amplifier, and a 
schematic of the front-end, respectively.  
(i) Relay unit 
The relay unit consists of 5 mechanical relays and has a function to select an input port 
such as signal from antenna, signal from calibration circuit (e.g. a signal generator), 
and termination of the input port. The relays are driven by the control system described 
in the following section. 
(ii) Low noise amplifier unit 
The Low noise amplifier (LNA) unit has a function to amplify the input signal with 
extremely low noise level and select the particular radio frequency (RF) bandwidth. It 
has +40 dB gain in the frequency range from 317 MHz to 337 MHz. 
(iii) Programmable attenuator unit and phase shifter unit 
The programmable attenuator unit has a function to control the total gain of the 
front-end, and the programmable phase shifter unit controls the phase of signal in the 
front-end. These functions are needed when the observation with array antenna system 
is carried out. In this study, only one antenna is used. Therefore, these functions are not 
needed. Both attenuation level and phase delay are set at zero. 
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(iv) Hybrid amplifier 
The hybrid amplifier amplifies the received signal with gain of +23.3 dB to 
compensate the power loss caused by the coaxial cable to the back-end. To avoid 
power loss by transmission cables between antenna towers, the transmission path was 
changed. In Figure 2.7, the schematic of this change is shown. Because the previous 
system had been developed as an antenna array system, received signals were 
transmitted to the point at which each output of the antennas was combined (in Figure 
2.7 the point indicated as ’combine’). The combined signal transmitted to the hybrid 
amplifier that is installed at the foot of the antenna. Because only one antenna is used 
in our study, transmission to the other antenna tower is not necessary. Therefore, the 
path of received signal was short-cut, and the signal can travel directly to the 
hybrid-amplifier. 
(III) Back-end 
(i) Spectrum analyzer 
The received signals are finally fed into the spectrum analyzer 8558B manufactured by 
Hewlett Packard. The specification of 8558B is shown Table 2.1. Information of the 
amplitude and frequency of the signals are displayed on a CRT. These results are 
transferred as DC voltage signals to an A/D board on the Personal Computer (PC) 
made by Epson Direct corp. 
(ii) Data recording on PC 
The analog signals transferred from the spectrum analyzer are converted into 8-bit 
digital data with the A/D board PCI-3161 made by Interface corp. The data are stored 
hourly in the binary format. The observation parameters are shown in Table 2.2. 
(IV) System of antenna control 
The system of antenna control, whose schematic is shown in Figure 2.8a, consists of two 
antenna rotator systems, a relay drive unit, an AD/IO device and a PC. The two rotator 
systems manufactured by Creative Design Corp. control azimuth and elevation angles of the 
antenna, respectively. Each system consists of an antenna rotator and an indicator (Figure 2.9). 
The relay unit consists of 6 relay drive circuits, and the circuit diagram of the relay drive 
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circuits is shown in Figure 2.10. The AD/IO device is a PIC Network Interface Card 
(PICNIC) produced by TriState ltd.  
The sequence of the antenna controlling is as follows. The antenna’s direction is detected at 
the AD port of the PICNIC with the voltage (0 ∼ 5 volt) of the potentiometer which is 
proportional to azimuth and elevation angles, and the information is sent to the PC. The 
software on the PC (described in Section 2.1.1 (VI)) compares the signal with the calculated 
direction of the sun and computes the direction of the antenna movement, and send a 
command to the PICNIC. The PICNIC outputs I/O signal as 0/5 volt DC signal. The output 
signals drive the relay unit and the combination pattern of the output signals from 6 I/O ports 
determines the movements of the rotators. The correspondence of the output pattern and the 
rotator’s motion is shown in Table 2.3. 
(V) System of controlling preamplifier assembly 
A schematic of the system of controlling preamplifier assembly is shown in Figure 2.8a. The 
system has two control functions as follows:  
(i) Selection of input signal 
The relay unit in the preamplifier assembly which selects the mode of input signal is 
operated by the PC via the PICNIC using the relay drive unit whose circuit format is 
almost the same as that of antenna control system (see Figure 2.10). Each input mode 
has the particular pattern of switching of the 5 relays as shown in Table 2.4. 
(ii) Monitoring of ambient temperature in the preamplifier box 
The transmission characteristic of the preamplifier assembly varies depending on 
ambient temperature as shown in Figure 2.11 (Watanabe, 1998). To evaluate the 
variation caused by the temperature effect, we employed the monitoring system of the 
temperature in the preamplifier box. The system consists of a thermistor thermometry 
whose circuit format is shown in Figure 2.12. The thermistor is a resistor whose ohmic 
resistance R varies depending on the ambient temperature T according to the following 
equation 
where R0 = 10000[Ω]              is the ohmic resistance when      
          and        is the constant of the thermistor. The output of the 






   (2.1) 
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thermometry expressed by 0 ∼ 5 volt DC signal Vout is sent to the A/D port of the 
PICNIC and in the end to the PC, and then converted to the temperature according to 
the following equation 
where          and            . 
(VI) Control by software on PC 
All the system including the antenna control and the selection of the input signal of the 
front-end are controlled by the same PC recording observational data. An example of the 
interface of the application for controlling the antenna direction and preamplifier assembly is 
shown in Figure 2.13. The program has three modes of antenna control as itemized below. 
(i) Tracking the sun 
The function calculates the difference between the current angle of the antenna and the 
directions of the sun, and adjusts it within the accuracy of antenna controlling 
(described at Section 2.2.2 (V)). The position of the sun is calculated using the function 
arranged by the Japan Coast Guard. 
(ii) Pointing to and holding at the angle commanded 
In this mode, the program keeps the antenna direction toward the angle which is 
commanded manually. This mode is mainly used in a drift-scanning observation of a 
radio star. 
(iii) Calibrating antenna pointing 
This mode executes scanning the sun in the azimuth or elevation direction for getting 
calibration data of antenna pointing. The scanning is started around noon or by the 
manual command. The range of scanning is about     around the sun. The details of 
the calibration are described in Section 2.1.2 (VI) (ii). 
 
  
   
      
      
        





(VII) Replacement of the I/O device on 2009 
After the lightning stroke on 2009, the PICNIC lost its function and some I/O ports 
became disabled. With this opportunity, the A/D and I/O device for antenna control 
was replaced to an A/D board PCI-3161 made by Interface corp. This board has digital 
output ports in open collector output, so that the device can control rotators without 
relay drives and the antenna control system had been simplified. The schematics and 
the control panel of the system after the modification is plotted in Figure 2.8b and 
Figure 2.13b. 
(VIII) Data recording of the control 
The data of system controlling are recorded in two files every one day. One 
is ”ATyyyymmdd.dat” for the record of the azimuth and elevation angles of the antenna and 
the mode of antenna controlling. The other is ”PAyyyymmdd.dat” fo the record of the 
selection of the input signal and the ambient temperature of the preamplifier assembly. The 
formats of the data are shown in Table 2.5 and Table 2.6. 
2.1.2 Evaluation of system characteristics 
In this section, the characteristics of the observation system are evaluated. 
(I) Antenna 
(i) Beam width 
The beam width of the antenna was measured by making the antenna scan the quiet 
sun in two directions: azimuth and elevation. According to (Kraus, 1986), when a radio 
source is observed with an antenna of beam pattern       , the received flux density 
( ) is given by 
where        represents the brightness distribution as a function of position, and 
     and      are the antenna angles of azimuth and elevation, respectively.        
is well approximated with a Gaussian function as 
                                              (2.3) 
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where    is the antenna gain at the center of main beam, and     and     are the 
half-power beam width in azimuth and elevation directions, respectively. Assuming a 
point source, we express        using the delta function as 
where    and    represent the position of the observed source. Using Equations 
(2.4) and (2.5), Equation (2.3) is described by following the equation 
Now we consider the observation of the sun, which is a discrete radio source of small 
but finite extent. In this case, it is not clear that   is also approximated by assuming a 
point source. Because the integration of the right hand side of Equation (2.3) generally 
cannot be expressed in elementary functions, we performed a numerical calculation to 
confirm this problem. The calculation was performed as follows: The antenna beam 
pattern is approximated by a Gaussian function which has a half-power beam width of 
8◦. We assumed that the radio source has a diameter of 0.5◦ that is equal to the apparent 
diameter of the sun and has a uniform brightness distribution as given by 
where    is assumed to be 1000Jy. The calculation result is shown in Figure 2.14, and 
the RMS error of fitting by the antenna beam pattern function is about 0.03 %. The 
result shows that the flux density observed by scanning the sun can be well expressed 
by a Gaussian function. We then measured the beam width of the antenna in X- and 
Y-polarized components by observing the sun. The results and Gaussian fitting curves 
are shown in Figure 2.15 and Figure 2.16. From the results of fitting, the half-power 
beam width is estimated as shown in Table 2.7. 
(ii) VSWR value 
The VSWR (Voltage Standing Wave Ratio) value is an indicator for confirming the 
impedance matching of the antenna with the feeding cable. VSWR defined as a ratio of 
amplitude of voltage of forward and reflected waves has a relation with the voltage 
reflection ratio Γ as given by 
                
               
 
   
 
               
 
   
   (2.4) 
                       (2.5) 
                                                       
                                               (2.6) 
         
                                
        
  (2.7) 
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where    and    represent the power of forward and reflected waves, respectively.   
has a relation with the radiation efficiency ε as expressed by 
The VSWR was measured by using a network analyzer (produced by Anritsu) as a 
function of frequency as shown in Figure 2.17. The value is obtained to be 1.74 at 325 
MHz corresponding to the radiation efficiency ε of        (        ). The values 
indicate that the impedance matching between the antenna and the feeding cable is 
faily good at the frequency range of observation. 
(iii) Antenna effective aperture 
The effective aperture of the antenna at 325 MHz was measured by observing the 
Cassiopeia A (CasA). Baars et al. (1977) gave the absolute flux of CasA at 1980.0 
and the secular decrease in the flux density 
CasA observation was conducted with the drift scanning method. The results of the 
each polarized component are indicated with solid lines in Figure 2.18 andFigure 2.19. 
The received power was related not only to the radiation from CasA but also to the 
background radiation of the Galaxy, and the Galaxy radiation was estimated from the 
observed power shown with dashed lines in Figure 2.18 andFigure 2.19. The 
contribution of the received power from CasA (     ) has a relation with the absolute 
flux of CasA (     ) as 
where    is the antenna effective aperture,   is the bandwidth of the receiving 
system, and   is the gain of the system. The receiver’s bandwidth is set to 100 kHz, 




                 
      
      
 (2.8) 
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                                               (2.10) 
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          (2.12) 
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and the other parameters and the evaluation results of    of each component are 
shown in Table 2.8. 
Figure 2.20 shows the results of the simulation of the beam pattern and the effective 
aperture of the antenna. 
 
The measured effective aperture is about a half of the simulation result, and the 
observed beam width of azimuth is as twice as that of the simulation result. These results 
indicate that half of the combination of antenna pick-ups is probably invalid.  
(II) Noise temperature of the observation system 
To evaluate the noise temperature of the observation system, Noise Figure (NF) and 
the gain of the preamplifier assembly were measured. The NF and the gain of the front-end 
assembly were measured by using a NF meter produced by Agilent Technologies. The 
results are shown in Figure 2.21. Next, we consider the noise characteristics of a system of 
series connection of more than one device (see Figure 2.22). In a system with n-stage, the 
total noise temperature of the system      is given by 
where    is Boltmann constant. In the case that G1 is large enough,     s is almost equal 
to T1 because the contribution of Ti(i = 2, 3, · · · n) is reduced by G1, 
where                 and                  are (input equivalent) noise 
temperature values and gain of each stage, respectively, and    has a relation with the 
intrinsic noise power of the i-th stage Nai as expressed by 
From the measurements of the gain of the preamplifier assembly shown in Figure 2.23, 
Equation (2.15) is valid in this system.    has a relation with NF of the device NF1 as 
where    is the thermal noise temperature fixed to be 290 K. By using Equations (2.15), 
(2.16) and the measurements of    ,      at 325 MHz is evaluated as 137.6 K for 
X-polarization component and 139.9 K for Y-polarization. 





    
   
  
       
 (2.13) 
             (2.14) 
         (2.15) 
              (2.16) 
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(III) Minimum detectable flux of the system 
The observation system must have a sufficient sensitivity to detect the radio burst from the 
sun. The minimum detectable flux    is written by the following equation 
where   is the bandwidth, and τ is the time constant of integration of the receiver. From the 
result of measurements of the system noise temperature and the observation parameters 
shown in Table 2.2,    is calculated as 4.10 SFU for X-polarization and 4.33 SFU for 
Y-polarization. These values indicate that the observation system has the sufficient sensitivity 
for solar radio bursts. 
(IV) Total gain of the front-end and the coaxial cable 
The total transmission characteristics of the front-end and the 75 m coaxial cable was 
evaluated on August 2, 2007 by measuring the system noise level with selecting 50 Ω 
termination for the input signal mode of the preamplifier assembly. 
The received power P is written as 
where  amb is the ambient temperature in Kelvin and  amb      K  on August 2nd, 2007, 
and  R  is the noise temperature of the receiver calculated from the measured NF and the 
noise source temperature 290K using the following equation 
Using Equations (2.18) and (2.19), we estimated the total gain as shown in Figure 2.24. 
(V) Accuracy of antenna controlling and tracking the sun 
The input range of the A/D ports of PICNIC is 0 ∼ 5 volt, and the bit-rate is 10bit. The signal 
of the antenna position is obtained from the rotators, representing in 0 to 5 volt for       
     of the azimuth angle and        of the elevation. There the resolution of A/D ports is 
the same as the accuracy of controlling antenna angles. Based on the results of measurements 
of the antenna beam pattern shown in Figure 2.15 and Figure 2.16, we estimated the 
maximum of error in the received power to be about 0.5 dB.  
    
      
     
 (2.17) 
                      (2.18) 
                (2.19) 
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(VI) Monitoring and maintenance of observation system 
(i) Monitoring of system 
Since the PC is connected to the Internet, we can remotely check the condition of the 
observation system and send commands of control. We use UltraVNC for remote login, 
which is a free software distributed under the GNU General Public license. 
(ii) Calibrating of antenna pointing 
The accuracy of the antenna direction sometimes becomes worse because of strong 
winds around the observatory; therefore, it is necessary to confirm and correct the 
accuracy of antenna pointing toward the sun. The calibration data is taken by scanning 
the sun in the azimuth or elevation direction. Since the observed data can be fitted by a 
Gaussian function, the position of observing the peak flux density is obtained. The 
evaluated value is compared with the actual position of the sun, and then the software 
of antenna control is modified to reduce the error between the two values. 
2.2 IPRT/AMATERAS 
IPRT (Iitate Planetary Radio Telescope) is a ground-based radio telescope developed 
by PPARC (Planetary Plasma and Atmosphere Research Center), Graduate School of 
Science, Tohoku University. It has been located at Iitate Observatory in Fukushima 
prefecture in Japan since 2000, and the main observation target is the Jovian synchrotron 
radiation (Tsuchiya et al., 2003). It has a dual asymmetric offset parabola antenna, the 
1023   of physical aperture,    of the width of the main beam at 300 MHz and      of 
the pointing accuracy. IPRT is programmed to track the Sun every 30 seconds from the 
sunrise to sunset everyday.  
AMATERAS (the Assembly of Metric-band Aperture TElescope and Real-time 
Analysis System) is a meter wave range solar radio observation system installed to IPRT by 
Iwai et al. (2012). It has crossed dipole elements appropriate to detect the radio wave form 
200 to 300 MHz on the plane reflector of IPRT, the front-end receiver which amplifies 
received signals by 40 dB and separates it into left- and right-handed circularly polarized 
components (LCP and RCP), the back-end system which cutoff signals under 100 MHz and 
higher than 500 MHz, and a spectro-polarimeter using a FFT spectrometer with a 2GHz 
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8-bit A/D converter. The FFT spectrometer has     frequency channels, so that the 
frequency resolution of this system is about 61 kHz. The spectra are obtained every 
          and accumulated every 10 ms.  
The narrow frequency bandwidth of 61 kHz and the narrow angle of the antenna main 
beam enables the observation of solar radio bursts with less influences of artificial noises 
such as broadcasting and radiotelegraph signals. The large aperture of IPRT also enables 
detecting weak radio bursts. The minimum detectable flux is 0.7 SFU in the frequency 
range between 150 and 500 MHz with 10 ms accumulation time and 61 kHz frequeny 
bandwidth (the sensitivity get worse under 150 MHz because of the frequency 
characteristics of the feed system shown in Table 2.8).  
Observational data are calibrated and archived soon after the daily observation.  
2.3 Concluding remarks 
In this chapter, two instruments for spectral observation of solar radio bursts is 
introduced.  
ZSR is a new solar radio spectrometer developed in this thesis. The instrumentation 
was done with modification of array antenna system for Jovian synchrotron radiation. It can 
observe solar radio bursts in the frequency range between 315 to 332 MHz with the 
resolution of 10 ms and 100 kHz, which is ten times higher than the typical traditional solar 
radio spectral observation in the meter wavelengths range. The minimum detectable flux 
was achieved 4.10 SFU in the X-polarization component.  
IPRT/AMATERAS was developed by Iwai (2011) and enables us to observe solar 
radio bursts in the frequency range between 150 and 500 MHz with the resolution of 
10msec and 61 kHz, and the 0.7 SFU of the minimum detectable flux. Moreover, both left- 
and right-handed polarization components can be observed simultaneously.  
Observing solar radio bursts by using these systems will be a powerful way to 






Figure 2.1 Schematic of the receiver system. 
 
 
Figure 2.2     stacked 27 elements cross YAGI antenna 
 
 











Frequency range 100 kHz to 1500 MHz 
Resolution bandwidth 1 kHz to 3 MHz 
Sweep time range 1 ms to 100 s in a 1, 2, 5 sequence 
Maximum safety input level +10 dBm (0 dB input attenuation) 




Figure 2.3 Schematic of combination of signals from the pick-ups. The signals from 
each pick-up are combined into one signal for each polarization. The red color 
indicates the element of X-polarization, and blue indicates that of Y-polarization. (after 
Watanabe et al., 2005) 
 
 
Figure 2.4 Photo of the preamplifier assembly. 
 
 





Figure 2.6 Schematic of the preamplifier assembly of the front-end. It consists of (a) 
relay unit, (b) LNA unit, (c) programable attenuator unit, (d) programable phase 
shifter unit, and (e) Hybrid amplifier. Relays in relay unit are driven by the control 
signal from the control bus. The dotted line indicates the block of preamplifier 
assembly. Both attenuation level and phase delay is set at zero (adapted from 






Figure 2.7 Schematics to show the change of the signal transmission path. (a) shows 
the original RF transmission path and (b) shows the transmission path after the 
arrangement. 
 
Table 2.2 The observation parameters of the system. 
  Parameters 
Frequency range 315 to 332 MHz 
Resolution bandwidth 100 kHz 
Sweep time 10 ms 





Figure 2.8 (a) A schematic of the system of controlling the antenna and the 
preamplifier assembly. The PC is adopted to control all the system intensively. (b) A 
schematic of the control system after the modification. The relay drive unit is omitted 





Figure 2.9 Photos of an antenna rotator and an indicator (both are for azimuth 
rotator’s control system). 
 
 




Table 2.3 The combination patterns of I/O signals for driving rotators. ‘*’ means that 











Table 2.4 The combination patterns of I/O signals for driving rotators. ‘*’ means that 









Figure 2.11 The dependence of characteristics of the LNA unit on the ambient 
temperature (after Watanabe et al. (2005)) 
Control mode 
I/O Port Number 
0 1 2 3 4 5 
Hold the current position OFF OFF OFF OFF OFF OFF 
Azimuth – westward ON OFF * OFF OFF OFF 
Azimuth – eastward OFF ON * OFF OFF OFF 
Elevation – ascent * * OFF OFF OFF OFF 
Elevation – decent OFF OFF OFF ON OFF * 
Elevation – high-speed OFF OFF OFF * * OFF 
Input signal mode 
I/O Port Number 
6 7 
Antenna input OFF OFF 
50  terminating ON ON 









(a)   
(b)  
Figure 2.13 (a) The screen capture of the software to control the antenna pointing and 







Table 2.5 Data format of the record of antenna position. 
 
Table 2.6 Data format of the control records of preamplifier assembly. 
 
File name ATyyyymmdd.dat 
Time hh mm ss 
Azimuth angle of the antenna deg. (              is equal to the south) 
Elevation angle of the antenna deg. (      ) 
Mode of antenna pointing calibration 
0: Not in calibration (Normal observation) 
1: Azimuth calibration 
2: Elevation calibration 
Step of calibration of antenna angle 
0: Not in calibration (Normal observation) 
1: Rotating antenna to the start position of 
calibration 
2: Doing calibration 
(following parameters recorded only in the calibration mode) 
Calculated azimuth angle of the Sun deg. (              is equal to the south) 
Calculated elevation angle of the Sun deg. (      ) 
File name PAyyyymmdd.dat 
Time hh mm ss 
Ambient temperature of the preamplifier 
assembly 
degrees Celsius 
Mode of input signal 
0: Input from the antenna 
1: 50Ω terminating 
2: Input of calibration signal 
Mode of the antenna controlling 
0: Tracking the sun or automatic calibration 




Figure 2.14 The result of numerical calculation of observed power when scanning a 
star which has 0.5◦ width of apparent diameter. The fitting with the function of 
antenna beam pattern shwos that the curve of observed power can be fit with a 
gaussian function. 
 








 Half-power beamwidth [deg.] 
Azimuth Elevation 
X-polarization 7.48 8.40 




Figure 2.15 The measurement results of the antenna beamwidth in X-polarization 
component. Left panel shows the Azimuth beam pattern and the right shows the 
Elevation pattern. The power is normalized with -73.2 dBm of Azimuth and -77.8 dBm 
of Elevation. The dots indicate the observational results, and the solid line is the result 
of Gaussian fitting. 
 
 
Figure 2.16 The measurement results of the antenna beamwidth in Y-polarization 
component. The alignment of graphs and the symbols are the same in the caption of 





Figure 2.17 Measured VSWR (Voltage Standing Wave Ratio) value of antenna as a 
function of frequency. The VSWR value at 325 MHz is 1.74 
 
 
Figure 2.18 The drift scanning observation of CasA (solid line) and the estimated curve 
of the background radiation of the Galaxy (dashed line) of the X-polarization 





Figure 2.19 The same observation of the Y-polarization component. The observation 
was held on November 13th. 2008. 
 
 
Figure 2.20 Calculated beam patterns for the azimuth (top panel) and elevation 






Figure 2.21 Results of the measurements of NF of the preamplifier assembly. Left 




Figure 2.22 The relationship between the individual components and the system noise 






Figure 2.23 The gain of the preamplifier assembly of the X-polarization component 
(left) and the Y-polarization (right). The gain reaches up to 38dB in the pass band. 
 
 
Figure 2.24 The total gain of the receiver system. The left panel shows the gain of 
X-polarization component and the right panel shows that of Y-polarization. 
 
 
Table 2.8 Frequency characteristics of AMATERAS (RCP). The accumulation time is 









































Observation Frequency (MHz) 160 230 300 380 420 470 
Gain (dB) 49.4 47.4 46.1 44.6 43.1 42.2 
Effective aperture area (  ) 31.4 158.3 186.3 83.6 69.4 72.3 
Minimum detectable flux (SFU) 0.69 0.045 0.057 0.051 0.140 0.174 
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Chapter 3  
Narrowband Drifting Fine Structures 
in Type IV Burst on November 2 and 
3, 2008 
3.1 Observational results of narrowband fine structures on 
November 2 and 3, 2008 
On 2 and 3 November 2008, groups of type IV bursts were observed after a B5.7-class 
flare occurred in the active region AR 11007. The full view of this event is shown in Figure 
3.1. The B5.7-class flare started at 20:12 UT on 2 November 2008, and an A5.0 class flare 
started at 03:04 UT on 3 November 2008. Both have been confirmed on the basis of an 
observed GOES-10 light curve. Groups of radio bursts were observed at 21:27--22:30 UT, 
23:02--23:14 UT on 2 November, and 03:11--03:15 UT on 3 November. Dynamic spectra of 
each groups are shown in Figure 3.2 to Figure 3.5. 
Figure 3.6(a) shows examples of observed fine structures in type IV bursts. Several 
drifting stripes characterized by positive frequency drifts are confirmed in this dynamic 
spectrum. The drift rate of the stripe that starts at 23:09:12.4 UT is 69.2 MHz s$^{-1}$. The 
total bandwidth of the stripe is approximately 10 MHz. Some stripes also accompany the 
absorption on the low-frequency side, which is similar to that associated with fiber bursts.  
For reference, in Figure 3.6(b) we plot the dynamic spectrum of this event with 
areduced resolution of 1 MHz and 0.1 s to demonstrate that it is difficult to distinguish the 
drifting stripes confirmed in Figure 3.6(a).  
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This result shows that the resolution generally employed in the previous studies (e.g., 
Benz et al., 1991) is not sufficient to detect such narrowband drifting stripes and 
underscores validity of our 100 kHz and 10 ms high-resolution observations. 
3.2 Statistical analysis of the drift rate 
Figure 3.7 shows the number of events with start and end frequencies within the 
observation's frequency range. Because it is difficult to discuss events characterized by start 
or end frequencies outside the observed frequency range, we excluded those events. The 
histogram is binned into 10 MHz s
-1
 bins of the observed drift rate. The drift rate of each 
event is derived using least-squares minimization. This result offers the several insights. 
Fine-structure events with a drift rate of a few tens of MHz s
-1
 occur most frequently, and 
the number of events with positive drift rates is larger than that of the equivalent events 
characterized by negative drift rates. 
3.3 Discussion 
3.3.1 Radiation source 
Narrowband emission features with intermediate drift rates observed during this event  
exhibit some characteristics that are different from typical fiber bursts in type IV 
bursts. 
 Many events show positive drift rates. 
 The distribution of the drift rate has a peak in the range of 20--40 MHz s-1 and the ratio 
of events with drift rates of approximately about -9 MHz s
-1
, a typical value for fiber 
bursts, is small. 
In solar radio physics, the frequency drift of emission features can be explained by (i) 
non-thermal electron beams, which are common in type III bursts (e.g., Mclean and Labrum, 
1985), or (ii) whistler-mode waves, thought to be the origin of fiber bursts (e.g., Kujpers, 
1975). Therefore, positive drift rates are interpreted as downward motions of the either 
emission source. In the following sections, we discuss the applicability of these two ideas in 
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the context of the observed level of fine structure from the point of the amplitude of the drift 
rates. 
(I) Non-thermal electron beam 
The observed drift rate in a non-thermal electron beam is equivalent to the speed of the 
beam. Assuming radiation at the fundamental of plasma frequency, the speed $v$ is 
represented by 
where   is the distance from the solar surface    is electron density. The energy of an 
electron beam with a speed corresponding to 40 MHz s
-1
 is approximately 900 eV in the 
region with a plasma frequency of 325 MHz, applying 10 times the Baumbach--Allen 
model to the electron-density model in the corona (e.g., Aschwanden, 2004) 
where    is the radius of the Sun. 
It is well known that the temperature in the corona after the start of a solar flare often 
reaches about 10 MK (e.g., Fernandes et al., 2012). Thus, the derived electron energy is at a 
comparable level to that of the flare related plasma, which seems too small to be a 
non-thermal electron beam generating radio emission. Therefore, we conclude that 
fine-structure events with a drift rate of a few tens of MHz s
-1
 are not caused by non-thermal 
electron beams. One probable solution materializes if we assume that the magnetic field 
lines associated with the radio emission are oblique so as to decrease the electron beam's 
radial speed. 
On the other hand, events characterized by the higher drift rates, especially above 100 
MHz s
-1
, seem to have their origin in such an electron beam because they can have the 
higher speed and be an non-thermal electron beam. 
(II) Whistler-mode wave 
In relation to whistler-mode waves, the observed drift rate corresponds to the group 
velocity of the whistler-mode wave packet. In the quasi-longitudinal case, the group 
velocity of whistler-mode waves is represented by 
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  cm   (3.2) 
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where   is the speed of light,     is electron cyclotron frequency,    is plasma 
frequency,         is the ratio of emission frequency and cyclotron frequency, 
respectively.  
The calculation results of the speed at the region where the plasma frequency is equal 
to 325 MHz and            is shown in Figure 3.8 and it shows that the maximum 
velocity at the observed region is about 0.065 . By using Equations (1) and (2), the 
frequency drift rate corresponding to speed of 0.065  is derived as 39.04 MHz s-1. This is 
approximately the same as the observed drift rates. 
Next, we will confirm the coupling condition of the plasma waves for radio emission 
through the interaction of a Langmuir and a whistler-mode wave to an electromagnetic 
transverse wave (hereafter we denote this process as       ).  
In a cold plasma, the dispersion relation of waves is described by the Appleton-Hartree 
equation, 
where     
    ,        ,        and   is the wave-propagation angle with 
respect to the background magnetic field. 
Figure 3.9 shows the dispersion relation calculated for             and 
             MHz, which is derived from 10 times the Baumbach-Allen model for 
the coronal density and the Dulk and Mclean model for the coronal magnetic field strength 
(Dulk and McLean, 1978).  
With this result and the conservation law of (e.g., Höijer and Wilhelmsson, 1970) 
where   is the wave number, we can find the wave number fulfill the coupling conditions 
of Equations (5) and (6) for the frequency of            and      . The absolute 
value of the wave numbers become         and        where a propagation angle 
of the transverse wave is   , and this is marked by black circles on each branches in Figure 
3.9. This shows that the three-wave coupling of       ) can take place with 
whistler-mode waves of the frequency of           . 
Therefore, it is demonstrated that whistler-mode waves with a group velocity 
corresponding to the observed drift rate of order 40 MHz s
-1
, which is not typical for the 
      
  
  
           (3.3) 
   
    
      
                                       
 (3.4) 
 
         




fiber bursts, can exist and that the observed drift emission can be generated by 
whistler-mode waves. In this study, the frequency of whistler-mode waves of    
        at which the group velocity is maximal is taken account, whereas the frequency of 
whislter-mode waves was assumed approximately        in previous studies of fiber 
bursts (e.g., Chernov et al., 2008). This is the main reason why the fine structures with a 
drift rate of a few tens of MHz s
-1
 is explained by the same mechanism of typical fiber 
bursts which have approximate -9 MHz s
-1
 in the observed frequency range. 
Events that exhibit faster drift rates than      MHz s-1, on the other hand, cannot be 
explained by the whistler-mode waves. They are assumed to be generated by non-thermal 
electron beams as well as type III bursts. The characteristic drift rate that divides the two 
generation mechanisms discussed above is not clear from the histogram in Figure 3.7. 
 
3.3.2 Direction of the frequency drift 
As shown in Section 3.2, the fine structures with positive frequency drift is dominant 
in the observed Type IV burst. This indicates that the relevant radio emission sources 
assumed to move downward in the corona. The events with few tens of MHz s
-1
 of drift rate 
are probably radiated by whistler-mode waves in the corona as shown in Section 3.3.1.  
In the study of the solar radio physics, whistler-mode waves are regarded as the 
emission source of the fiber bursts (e.g., Chernov, 2006) which have almost negative 
frequency drift and the amplitude about 9 MHz s
-1
 at 300 MHz. In the theoretical studies of 
fiber burst, such as Kuijpers (1975a), the upward whistler-mode waves were thought to be 
the emission source.  
The observational results of 2008/11/02-03 event, however, shows that considering the 
existing of downward whistler-mode waves in the corona is needed in studying fine 
structures in Type IV bursts. 
3.3.3 Associated dynamics in the corona 
Figure 3.10 shows a Type III-like event started 23:02:32. At first, it has negative 
frequency drift, and after 23:02:35 a reverse frequency drift is confirmed. This sequence of 
dynamic spectra is thought to be a type U burst radiated from an electron beam propagating 
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along a closed magnetic field line in the corona (see also Figure 1.9). This observation 
indicates that not only the type U burst but also the observed Type IV events were radiated 
from closed magnetic field lines.  
The flare associated with the radio bursts above is located in the NOAA active region 
AR 11007 (N35, W38). Figure 3.11 shows some SXR (Soft X-ray) images obtained by XRT 
(X-Ray Telescope) with Thin Al polymide filter (Kano et al., 2008) onboard Hinode 
(Kosugi et al., 2007). In these images, a small emerging loop and the interaction between it 
and the neighborhood pre-existing large long loops can be confirmed. These results indicate 
that the flare of interest was caused by a loop-loop interaction (e.g., Nishio et al., 1997). 
The schematic image of the loop-loop interaction is shown in Figure 3.12. 
With above results, we propose a model explaining the generation of drifting fine 
structures observed as seen in Figure 3.13. The electron beams accelerated by the magnetic 
reconnection that results from the loop-loop interaction propagate along the closed magnetic 
field line. These beams can generate downward whistler-mode waves in the observable 
height region hatched in the figure and they emit radio waves with positive frequency drift. 
The beams exit the observation region and reached the top of the coronal loop. Then, they 
become to move downward and enter the observable region again. The downward beam an 
generate upward whistler-mode waves which emit radio waves with negative frequency 
drift. This model insists that it is important to consider the existence of downward 
whistler-mode waves in the study of the spectral fine structures of Type IV burst and they 
are generated by the upward electron beams accelerated in the lower corona with a side-lobe 
reconnection, unlike the proposed emission mechanism of Kuijpers (1975a) (see Section 
1.3.2 and Figure 1.12). 
3.4 Concluding remarks 
To investigate fine-structure details of solar type IV bursts, we established a new radio 
observation system at the Zao observatory of Tohoku University. Narrowband fine 
structures that are difficult to detect based on observations with typical spectral resolutions 
were observed in type IV bursts on 2 and 3 November 2008. Statistical analysis of the drift 
rate shows that they are different from ordinary fiber bursts in both sense and magnitude. 
First, the observed drift rates exhibit both positive and negative rates, whereas ordinary 
fiber bursts usually have negative drift rates. Second, the absolute values of the observed 
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drift rates are tens of MHz s
-1
, while the typical drift rate of fiber bursts at 325 MHz is 
approximately -9 MHz s
-1
 (e.g., Benz and Mann, 1998). In addition, the all analyzed fine 
structures have narrow emission bands of less than 17 MHz. The observed narrowband 
emissions features with drift rates of a few tens of MHz s
-1
 at 325 MHz can be interpreted 
by the generation process of fiber bursts (Kuijper, 1975); i.e., the emission features are 
thought to be caused by whistler-mode waves propagating in the corona. These observed 
narrowband events are difficult to detect with the traditional resolution of 1 MHz and 0.1 s. 
These results imply that the higher resolution used in the present study is necessary to 
investigate fine structures accompanying type IV bursts. 
With the comparison with XRT observation of the flare region, the observed fine 
structures is thought to be emitted by upward and downward whistler waves, which are 
generated by the electron beams accelerated by the side-lobe reconnection in the lower 
region of the corona.  
Based on the observations using ZSR, only one event was detected, which consists of 
the radio burst with narrowband fine structure. The number of events is too small to discuss 
their occurrence rate. In addition, the ZSR's frequency range is too narrow to survey their 
association with other radio bursts in different frequency range and the variance of the 
coronal loop structures and the distribution of energetic electrons obtained through imaging 
observations such as with Hinode, STEREO, SDO, and the Nobeyama Radio Heliograph. 
This problem can be overcome with new wide-band and high-resolution observations of 






Figure 3.1 An overview of the 2008/11/02-03 radio bursts event. The upper column is 
an dynamic spectrum observed by Hiraiso Radio Spectrograph (HiRAS), the middle is 







Figure 3.2 The radio spectra during UT 21:28 to 21:38 on November 2, 2008. (a): A 
spectrogram of 50 – 500 MHz signals recorded by HiRAS. (b): A spectrogram of 315 - 
332 MHz recorded by ZSR. After 21:38, strong radio continua were observed as shown 







Figure 3.3 The radio spectra during UT 22:22 to 22:28 on November 2, 2008. What 







Figure 3.4 The radio spectra during UT 23:02 to 23:16 on November 2, 2008. What 
each panel shows is the same as that of Figure 3.2. A Type III burst occured on 23:02 
UT, and spiky Type IV bursts were observed at immediately after the Type III burst 






Figure 3.5 The radio spectra during UT 03:11 to 03:18 on November 3, 2008. What 
each panel shows is the same as that of Figure 3.2. The decreasing of the received flux 






Figure 3.6 (a) Sample of observed drifting fine structures. All observed fine structures 
are shown in Appendix A. (b) A dynamic spectrum with the same time region as (a) 
with reduced resolution of 1 MHz and 0.1 s. It is hard to distinguish the fine structures 
seen in the panel (a). This shows the validity of the observation with the higer 
resolution than 100 kHz and 10 ms. 
 
 
Figure 3.7 A histogram of observed drift rate of fine structures. Solid line indicates the 
number distribution of the events with positive frequency drift and dashed line is that 





Figure 3.8 The calculation results of the speed in the coronal region where the plasma 
frequency is equal to 325 MHz and it shows that the maximum velocity at the observed 
region is about 0.065c. This is almost the same of the speed corresponding to the drift 








Figure 3.9 Calculated wave dispersion relation by Appleton-Hartree’s equation under 
the condition of         ,          . The orange and red lines on the curves 
indicate the solution of the non-linear three wave interaction       for the 
frequency of the whistler-mode wave equal to       . The wave number and 
frequency of the whistler-mode wave is indicated by blue arrow, and that for the 
coupling condition for propagation angle of the electromagnetic waves of      are 
shown with orange and red arrows. This result shows that the individual frequency 







Figure 3.10 A dynamic spectrum at 23:02:30-40UT on 2008/11/02. A Type III-like event 
started 23:02:32 negative frequency drift, and after 23:02:35 a reverse frequency drift 
is confirmed. This sequence of dynamic spectra is thought to be a type J or inverted U 
burst radiated from an electron beam propagating along a closed magnetic field line in 
the corona. 
 
Figure 3.11 Time sequence of the SXR images of the NOAA active region AR11007 
observed by XRT. The small loop indicated by the white arrow in the first panel grew 





Figure 3.12 Schematic of the loop-loop interaction associated with the observed radio 
events estimated with the results of Figure 3.11. A small emerging loop interacts with 
the neighborhood pre-flare long loop and the reconnection results in the formation of 
post flare loops. 
 
 
Figure 3.13 A schematic of the generation mechanism of narrowband bursts on 
November 2 and 3, 2008. The electron beams accelerated by the magnetic reconnection 
that results from the loop-loop interaction propagate along the closed magnetic field 
line. These beams can generate downward whistler-mode waves in the observable 
height region hatched in the figure and they emit radio waves with positive frequency 
drift. The beams exit the observation region and reached the top of the coronal loop. 
Then, they become to move downward and enter the observable region again. The 
downward beam an generate upward whistler-mode waves which emit radio waves 










Chapter 4  
Narrowband Fiber Bursts Observed 
by AMATERAS 
Type IV bursts have been confirmed on several days by IPRT/AMATERAS after the 
start of the steady observation. There is no events with the spectral characteristics confirmed 
in the event on November2 and 3, 2008 observed by ZSR. However, some of the observed 
events contain unusual narrowband fiber-like fine structures that are similar to the spectra 
reported in Elgarøy (1979), Dabrowski et al. (2005), and Chernov et al (2008). In this 
chapter, we analyze and discuss about these events. 
4.1 Narrowband Fiber Bursts (NFB) with Type IV events 
Figure 4.3 shows a sample of the narrowband fiber-like burst (in this thesis, we will 
call it NFB
1
 from now on). This type of burst are confirmed in four Type IV events on June 
7, August 2 and 4, and September 6, 2011.  
4.1.1 June 7, 2011 event 
(I) Overview of the Type IV burst 
The M2.5 class flare on the NOAA Active Region AR11226 (S22, W53) started from 
06:16 UT and the soft X-ray flux observed with GOES-14 reached its peak at 06:30 UT. 
The Type IV burst started from 06:25 UT, which is in the impulsive phase of the flare. It 
                                                 
1
 The term ‘NFB’ is also used as a name of commodity in electrical engineering in Japan to represent a 
no-fuse breaker manufactured by Mitsubishi Electric Corporation. 
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ended by 06:56 UT. The overview of this flare and the related metric radio bursts are shown 
in Figure 4.1. 
(II) Narrowband fiber burst (NFB) 
Figure 4.2 shows dynamic spectra between 06:27:45 UT and 06:28:00 UT on June 7, 
2011. The narrowband fiber bursts (we call them NFB henceforth) started after 06:27:47 UT 
and ended by 06:35:27 UT. NFBs appeared again between 06:41:25 UT and 06:41:40 UT. 
The frequency range of the radiation got wide and the number of NFB got large with time. 
Figure 4.3 shows a close-up dynamic spectrum of a part of the spectrum of Figure 4.2 
and a sample of the spectral shape of the individual NFB. The frequency drift rate of the 
individual NFB at the plotted time is -30.4 MHz s
-1
, the total radiation frequency bandwidth 
is 2.73 MHz, and the duration is 90 ms. The frequency drift rate is about three times larger 
than that of typical fiber burst which is about  
 
(III) Large scale frequency drift of the NFB 
In Figure 4.2 and Figure 4.3, NFBs seem to line up according to some rule in the 
dynamic spectra. It is further represented in Figure 4.4 which is a dynamic spectrum of LCP 
component with the range of frequency between 370 MHz and 420 MHz and time between 
06:27:56 UT and 06:27:58 UT. The alignments of NFBs are thought to be consists from two 
lines with positive and negative frequency drift. These large-scale frequency drift of NFBs 
are indicated with solid lines in Figure 4.4. The blue lines show negative frequency drift 
between -23.0 and -26.4 MHz s
-1
. We conclude that frequency drift of these blue lines is 
almost identical to that of the individual NFB. The red lines, in contrast, show positive 
frequency drift with the range between 81.2 and 118.0 MHz s
-1
.  
4.1.2 Summary of other event 
NFBs on other Type IV burst were also confirmed with IPRT/AMATERAS. Overview 
of the Type IV bursts and the appearance of NFBs are summarized in Table 4.1. Detail 




4.2.1 Comparison with November 2 and 3, 2008 event 
Firstly, we will investigate whether the observed radio phenomena are the same kind of 
the event reported in Chapter 3. It is demonstrated in Figure 4.5, a comparison with the 
NFB event and November 2 and 3, 2008 event observed by ZSR. 
This comparison shows some difference between these two phenomena: (i) Almost 
individual NFBs have negative frequency drift rate, while the majority of the radio fibers 
had positive drift rate in the ZSR event. (ii) The emission bandwidth of NFB and fibers in 
the ZSR event is different, that is, the bandwidth in ZSR event is a few times larger than 
that of a NFB. (iii) NFB has a large-scale drifting structures as reported in Section 4.1.1(III) 
while the same kind of structures were not confirmed in the ZSR event. 
From these points of view, we conclude that the observed NFB is a quite different kind 
of radio phenomena from the fine structures observed on November 2 and 3, 2008 event.  
4.2.2 Frequency drift of an individual NFB 
According to the idea of Chernov et al. (2008), we consider that the emission source of 
NFBs is a whistler-mode wave and a NFB is radiated with non-linear three-wave interaction 
with electrostatic waves,       that is the same mechanism of typical fiber burst in 
Type IV bursts. If this is true, the negative frequency drift of a single NFB corresponds to 
the group velocity of the whistler-mode waves shown in Equation (3.3). The negative 
frequency drift of  
To confirm this point, we calculated the wave dispersion relation with Equation (3.4). The 
results in the case of      are shown in Figure 4.6. Assuming the whistler frequency 
           and the wave number         which corresponds to the group velocity 
derived from the frequency drift of 25 MHz s
-1
 and using the plasma density model of 
Equation (3.2), the calculated frequencies for Langmuir wave and electromagnetic wave are 
       and            and the wave numbers are         and         
which satisfy the conservation laws of  
 
         




This result shows that the individual frequency drift of NFB can be explained with the 
upward whistler-mode wave packets in the corona. 
4.2.3 Emission frequency of NFBs – verification of DPR model 
In the discussion of emission mechanism of NFB, Chernov et al. (2008) proposed that 
the electrostatic waves that interact with whistler waves are generated with double plasma 
resonance (DPR) at the frequency levels of  
where     is the upper hybrid frequency and   is an integer harmonic number. To verify 
whether this approach can be applied to the observed events, we calculated frequencies 
which satisfy Equation (4.2) with using the Dulk-McLean model for the magnetic field and 
10 times Baumbach-Allen model for the plasma density. Figure 4.7 shows the results of 
calculation of DPR. The orange points in the figure indicate the frequency which fulfill the 
DPR condition. This result is overwritten on the observed dynamic spectrum in Figure 4.8 
with their harmonic numbers. The frequency intervals of the observed NFBs is clearly 
smaller than that of the DPR frequencies. This result indicate that the DPR model cannot 
explain the excitation of Langmuir waves which become NFB radio waves.  
With the positive frequency drift of about 100 MHz s
-1
, we conclude that the most 
probable candidate of the exciter of Langmuir waves is an electron beam with about      
where   is the speed of light, as often considered in Type III bursts.  
4.2.4 A new model for the emission mechanism of NFB 
According to the above discussions, we propose a new proposed model for emission 
mechanism of NFB that downward electron beams accelerated in the high corona generate 
Langmuir waves and they encounter the upward whistler-mode waves. Then, the three-wave 
interaction of       occurs and waves are converted into radio waves. Electrostatic 
waves generated by electron beams are too weak to excite observable radio waves with 
collapse of       that is a well-accepted emission mechanism in Type III bursts. So 
radio waves become visible only when they coexist and interact with whistler-mode waves. 
The interaction regions are shown with light-green quadrangle. Each of the localized region 
        
    
      (4.2) 
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radiates a single NFB, and the time-variance of the region makes the frequency drift of NFB. 
Both the whistler-mode waves and the electron beams are injected not continuously but 
intermittently. This repetition of electron injection makes the multiple frequency drift lines 
seen in Figure 4.4.  
It is the electron beam that is considered as the generator of Langmuir waves, not DPR 
such as Chernov et al. (2008). 
4.3 Concluding remarks 
After the start of the operation of IPRT/AMATERAS, several Type IV bursts are 
observed. Type IV bursts observed on June 7, August 2 and 4, and September 6, 2011 
include the spectral fine structures with narrowband drifting stripes that are similar to the 
phenomena reported by Elgarøy (1979) in the meter wavelengths range, and Chernov et al. 
(2008) and Dąbrowski et al. (2005) in the decimeter wavelengths range. We call them NFBs 
and reported the analysis of these events, especially June 7, 2011 event in detail as follows: 
(i) the individual NFB has negative frequency drift with about -25 MHz s
-1
 and (ii) the 
alignment of NFBs have two large-scale frequency drift with negative and positive 
frequency drift rate. The negative frequency drift is almost identical to that of the individual 
NFB, while the positive one is about 100 MHz s
-1
.  
Then, the interpretations of NFBs are demonstrated: (i) the observed negative 
frequency drift rate of NFBs can be explained by the propagation of whistler-mode waves in 
the corona, (ii) the observed frequency intervals of NFBs is too small to account for it in 
terms of DPR model, which is applied in the explanation of Chernov et al. (2008), and (iii) 






Figure 4.1 The 100–500 MHz radio spectra associated with the M2.5 flare on June 7, 
2011 observed by AMATERAS (the top panel is the right-hand circularly polarized 
component and the middle one is the left-handed component) and the light curve of 1-8 






Figure 4.2 Dynamic spectra between 06:27:45 UT and 06:28:00 UT on June 7, 2011. 
The top panel shows the received spectrum of right-handed circular polarization 
component and the bottom is that of left-handed. The NFB started after 06:27:47 UT.  
 
 
Figure 4.3 (Left) A close-up dynamic spectrum of LCP component of Figure 4.2 with 
the time range between 06:27:55 UT and 06:27:58 UT. Narrowband fiber bursts are 
confirmed. (Right) A sample of a single NFB is shown with a close-up figure of the left 
panel. The plotted range is indicated with the red rectangular in the left. The red line 





Figure 4.4 Dynamic spectrum of LCP component with the range of frequency between 
370 MHz and 420 MHz and time between 06:27:56 UT and 06:27:58 UT. The solid 
lines indicate large-scale frequency drift of the distribution of NFBs. The blue lines 
show negative frequency drift between -23.0 and -26.4 MHz s
-1
. We conclude that 
frequency drift of these blue lines is almost identical to that of the individual NFB. The 





















Detected large scale 
drift rate [ MHz s-1] 
Flare classes and  
coordinates 
    
positive negative 
 
June 7, 2011 06:27 – 06:41 250 - 500 R and L ≈ 100 ≈ -25 
M2.5 
AR11226 (S22W53) 
August 2, 2011 
05:55 – 05:56 420 - 475 L not 
determined 
≈ -30 M1.4 
AR11261 (N17W12) 06:04 – 06:14 280 – 500 R and L ≈ - 35 
August 4, 2011 03:58 – 04:00 390 - 450 R and L 
not 
determined 
≈ - 25 
M9.3 
AR11261 (N16W38) 
September 6, 2011 
22:36 – 22:40 250 - 500 
L  
(partialy R and L) 
≈ 100 ≈ - 25 X2.1 
AR11283 (N13W18) 




Figure 4.5 Comparison with the NFB event and November 2 and 3, 2008 event 
observed by ZSR. The dynamic spectrum obtained by ZSR is superimposed on that of 
IPRT/AMATERAS. The frequency and time scale of the both dynamic spectra are 
adjusted to be the same. The length and the sense of frequency drift of the stripes is 
quite different, so that the radio phenomena observed by ZSR on 2008 and 






Figure 4.6 Calculated wave dispersion relation under the condition of        , 
         . The The orange and red lines on the curves indicate the solution of the 
non-linear three wave interaction       for the frequency of the whistler-mode 
wave equal to        . The wave number and frequency of the whistler-mode wave 
is indicated by blue arrow, and that for the coupling condition for propagation angle of 
the electromagnetic waves of      are shown with orange and red arrows. This 
result shows that the individual frequency drift of NFB can be explained with the 





Figure 4.7 Estimation of double-plasma resonance (DPR) levels in the emission. The 
red line shows the upper-hybrid frequency in the corona. The aqua, purple, blue, 
green lines indicate the n-folded cyclotron frequency where          , respectively. 
The orange points indicate the frequency which fulfill the DPR condition. In this 
calculation, the Dulk-McLean model for the magnetic field and 10 times 




Figure 4.8 A dynamic spectrum of left-handed circular polarized component between 
06:27:55 UT and 06:27:58 UT on June 7, 2011. The red lines overwritten the dynamic 
spectrum indicate DPR frequencies calculated in Figure 4.7. The harmonic numbers 
are shown in the right side of the dynamic spectra. The intervals of DPR frequencies 





Figure 4.9 A new proposed model for emission mechanism of NFB. Downward electron 
beams accelerated in the high corona generate Langmuir waves and they encounter 
the upward whistler-mode waves. Then, the three-wave interaction of       
occurs and waves are converted into radio waves. Electrostatic waves generated by 
electron beams are too weak to excite observable radio waves with collapse of 
      that is a well-accepted emission mechanism in type III bursts. Radio waves 
become visible only when they coexist and interact with whistler-mode waves. The 
interaction regions are shown with light-green quadrangle. Each of the localized 
region radiates a single NFB, and the time-variance of the region makes the frequency 




Chapter 5  
Discussion and Concluding Remarks 
The metric solar radio bursts can be a tool for tracing non-thermal electron beams and 
plasma waves propagations in the corona by analyzing their spectral structures and 
variations. Moreover, the metric wavelength radio waves are only one tool for the 
observation in the region where the particle acceleration process occurs during the flare, 
because it is difficult to monitor such region by soft and hard X-ray and ultraviolet 
telescopes. Therefore, it is important to monitor and analyze details of the spectra of metric 
solar radio bursts for understanding the processes for generation and propagation of 
non-thermal particles plasma waves in the corona. 
In this thesis, we focus on the integrated studies of metric solar radio observation with 
high frequency and time resolutions. This research was carried out through the following 
steps: (i) the development of a new solar radio spectrograph in the meter wavelengths with 
high frequency and time resolution, ZSR, (ii) observation of solar radio fine structures with 
ZSR and analysis of the obtained data, and (iii) investigation of the fine structures in wider 
frequency range with IPRT/AMATERAS.  
In Chapter 2, the development of ZSR was described with modification of the array 
antenna system for Jovian synchrotron radiation located at Zao observatory of PPARC, 
Graduate School of Science, Tohoku University. It has an ability to observe solar radio 
bursts in a frequency range from 315 to 332 MHz with a time resolution of 10 ms and a 
frequency resolution of 100 kHz, which is ten times higher than the typical previous solar 
radio spectral observation in the metric wavelength range as seen in Section 1.4.2. The 
achieved minimum detectable flux is 4.10 SFU in the X-polarized component. This thesis 
reports the system design and calibration results of ZSR in Section 2.1.  
Chapter 3 reports the detection of new narrowband fiber-like structures in type IV 
bursts on November 2 and 3, 2008 by ZSR. The statistical analysis of the drift rate shows 
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that they are different from the ordinary fiber bursts in the sense and the amplitude of the 
drift rates. Firstly, the observed drift rates show both positive and negative ones, although 
the ordinary fiber bursts have usually negative drift rate. Secondly, the absolute values of 
the observed drift rates are tens of MHz s
-1
, while the typical drift rate of fiber bursts at 325 
MHz is about -9 MHz s
-1
 (Benz and Mann, 1998). In addition, the all analyzed fine 
structures have narrow emission band less than 17 MHz. 
In Chapter 3, it is also shown that the observed narrowband emissions with the drift 
rate of few tens of MHz s
-1
 has been interpreted in terms of the generation process of fiber 
bursts, that is, the emissions are thought to be caused by whistler-mode waves propagate in 
the corona.  
These observed narrowband events are difficult to detect with the traditional resolution 
of 1 MHz and 0.1 s, so that these results imply that the higher resolution such as 100 kHz 
and 100msec is necessary to investigate fine structures accompanied with type IV bursts.  
With the comparison with XRT observation of the flare region, the observed fine 
structures is thought to be emitted by upward and downward propagating whistler-mode 
waves inside the magnetic flux tube of the post flare loop, which are generated by the 
electron beams accelerated by the side-lobe reconnection in the lower region of the corona.  
With the observation of ZSR reported in Chapter 3, only one event was detected which 
contained the radio burst with narrowband fine structure. The number of events is too short 
to discuss about the occurrence rate of the confirmed phenomenon. Additionally, the 
observable frequency range of ZSR is too narrow to survey the association with other radio 
bursts in different frequency range and the variance of the coronal loop structures and the 
distribution of energetic electrons obtained by imaging observations such as Hinode, which 
is essential to reveal the involved plasma processes during solar flares. 
These problems can be overcome with the new wide-band and high resolution 
observation of solar radio bursts, such as IPRT/AMATERAS (Iwai et al., 2012).  
In Chapter 4, observation of type IV bursts with IPRT/AMATERAS are presented. 
IPRT/AMATERAS was developed by Iwai (2011) and enables us to observe solar radio 
bursts in the frequency range between 150 and 500 MHz with the resolution of 10msec and 
61 kHz, and the 0.7 SFU of the minimum detectable flux. Moreover, both left- and 
right-handed polarization components can be observed simultaneously. The system 
performance is briefly reviewed in Section 2.2. 
Chapter 4 reports the observation of type IV bursts on June 7, August 2 and 4, and 
September 6, 2011 are represented. The events include the spectral fine structures with 
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narrowband drifting stripes, and we call NFBs in the present thesis. They are similar to the 
phenomena previously reported by Elgarøy (1979) in the meter wavelengths range, and 
Chernov et al. (2008) in the decimeter wavelengths range. We reported the detail analysis of 
the June 7, 2011 event: (i) the individual NFB has negative frequency drift with about -25 
MHz s
-1
, (ii) in dynamic spectra, NFBs has two large-scale frequency drift with negative 
and positive frequency drift rate, (iii) the negative frequency drift is almost the same as that 
of the individual NFB, while the positive one is about 100 MHz s
-1
.  
Then, we have mentioned some aspects of the generation mechanisms of NFBs: (i) the 
observed negative frequency drift rate of NFBs can be explained by the propagation of 
whistler-mode waves in the corona, (ii) the observed frequency intervals of NFBs is too 
small to account for it in terms of DPR theory that was applied to the similar phenomena in 
the GHz range reported by Chernov et al. (2008), , and (iii) we proposed a new model that a 
single NFB is radiated from a localized and distributed micro-scale emission region that is 
formed by upward whistler-mode waves and intermittent downward electron beams.  
Through the present studies, we have shown some ideas of generation mechanism of 
radio fine structures in type IV bursts in Chapters 3 and 4. With those results, we propose 
the two significance of the present thesis.  
First, we have proved that the importance of solar radio observation with high 
frequency and time resolution. Observations in Chapters 3 and 4 show the metric type IV 
bursts have spectral fine structures with narrow emission frequency band of a few MHz and 
frequency drift of few tens of MHz s
-1
. This type of radio emission is difficult to detect by 
the observation with typical resolution of traditional solar radio spectrometer in the meter 
wavelengths range. Our observation showed that, to investigate the details of the particle 
and plasma wave dynamics in the corona, the resolution over 100 kHz and 10msec is 
required in radio spectral observations. 
Second, our observations have revealed the new species of metric solar radio bursts 
radiated by whistler-mode waves in the corona other than fiber bursts. This indicates that we 
obtain another new tool for tracing whistler-mode waves in the corona during solar flares. 
To get more means to observe whistler-mode waves probably leads to understanding of 
particle acceleration mechanisms during flares. Some studies these days have expected the 
existence of acceleration process triggered by whistler-mode waves (S. Masuda, private 
communications). As mentioned in Section 1.4.1, in addition, the observation region in the 
corona with metric radio waves is almost identical to the particle acceleration region during 
solar flares, and some of the NFB events occurred in the impulsive phase of the related 
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flares when non-thermal electrons were generated. Therefore, our results may reinforce the 
idea of presence of particle acceleration by whistler-mode waves in the corona from the 
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Appendix A  
Narrowband fibers on November 2 
and 3, 2008 
In this appendix, all the analyzed events of the 2008/11/02-03 are shown. Each panel is 
consist of the observed dynamic spectrum and the result of drift rate analysis with red solid 
lines.  





















































































































































































































Appendix B  
Details of NFB events on August 2, 
August 4, and September 6, 2011 




Figure B.1 The observed radio spectrum and the light curve of X-ray flux during the M1.4 
flare on August 2, 2011. What each panel shows is the same as that of Figure 4.1. 
 
 B.2 
B.1 August 2, 2011 event 
The type IV burst started from 05:53 UT while the related M1.4 class flare started from 05:19 
UT and the soft X-ray flux observed with GOES-14 reached its peak at 06:19 UT. The overview of 
this flare and the related meter wave radio bursts are shown in Figure B.1. 
NFB emission appeared from 05:55 UT to 05:56 UT and from 06:04 UT to 06:14 UT, which is 
in the impulsive phase of the type IV burst, that is, before the peak time of GOES soft X-ray flux. 
The sample of the NFBs is shown in Figure B.2. Both positive and negative large-scale frequency 
drift are confirmed in Figure B.3.  
 
 
Figure B.2 A sample of a sequence of NFBs with dynamic spectra between 06:05:30 UT and 
06:05:50 UT on August 2, 2011. The top panel shows the received spectrum of right-handed 




Figure B.3 (Left) A close-up dynamic spectrum of RCP component of Figure B.2 with the 
time range between 06:05:30 UT and 06:05:35 UT. NFBs are shown and their large scale 
frequency drift rates are 111 MHz/sec and -23MHz/sec. (Right) A sample of a single NFB is 
shown with a close-up figure of the left panel. 
  
 B.4 
B.2 August 4, 2011 event 
The type IV burst started from 03:53 UT after type III bursts started from 03:49 UT and a type 
II burst at 03:52 UT. The related M9.3 class flare started from 03:41 UT and the soft X-ray flux 
reached its peak at 03:45 UT. The overview of this flare and the related meter wave radio bursts are 
shown in Figure B.4. 
 
Figure B.4 The observed radio spectrum and the light curve of X-ray flux during the M9.3 




NFB emission appeared from 03:58 UT to 04:00 UT which is in the extended phase of the type 
IV burst, that is, after the peak time of GOES soft X-ray flux. The sample of the NFBs is shown in 
Figure B.5. Both positive and negative large-scale frequency drift are confirmed inFigure B.6.  
 
 
Figure B.5 Dynamic spectra between 03:59:45 UT and 04:00:00 UT on August 4, 2011 that 
shows a sample of a sequence of NFBs. The top panel shows the received spectrum of 





Figure B.6 The same kind of plot as Figure 4.3. (Left) A close-up dynamic spectrum of LCP 
component of Figure B.2 with the time range between 03:59:52 UT and 03:59:55 UT. The 
negative NFBs’ large scale frequency drift rates is -21.4 MHz/sec and the positive large scale 
drift cannot be defined. (Right) A sample of a single NFB is shown with a close-up figure of 
the left panel. 
  
 B.7 
B.3 September 6, 2011 event 
The X2.1 class flare started from 22:16 UT and the soft X-ray flux reached its peak at 22:16 
UT. After the extended phase of the flare, two groups of the type IV burst are confirmed. The 
former group’s start time was not identified because the radio observation started after the start of 
the related flare and the end time is 23:01 UT. The latter type IV burst occurred started from 23:24 
UT. The overview of this flare and the related meter wave radio bursts are shown in Figure B.4. 
 
Figure B.7 The observed radio spectrum and the light curve of X-ray flux during the X2.1 
flare on September 6, 2011. What each panel shows is the same as that of . 
  
 B.8 
Two groups of NFB emission was confirmed in the first type IV burst. The former group 
occurred from 22:36 UT to 22:40 UT, the latter one from 22:49 UT to 22:52 UT. Both are in the 
extended phase of the type IV burst.  
The two NFB groups differ in their alignments. The geometry of former group’s NFB 
resembles that of the other events, while in the latter group NFBs’ alignments is similar to the 
spectral shape of broadband pulsations (e.g., Nindos and Aurass, 2007). The sample of the NFBs is 
shown in Figure B.8 and Figure B.10. The close-up dynamic spectra of them are shown in Figure 
B.9 and Figure B.11.  
 
 
Figure B.8 A sample of a part of the initial NFB event on September 6, 2011. with dynamic 
spectra between 22:39:00 UT and 22:39:30 UT. The top panel shows the received spectrum of 




Figure B.9 The same kind of plot as Figure 4.3. (Left) A close-up dynamic spectrum of LCP 
component of Figure B.8 with the time range between 06:27:55 UT and 06:27:58 UT. NFBs 
are shown and their large scale frequency drift rates are 111 MHz/sec and -23MHz/sec. 
(Right) A sample of a single NFB is shown with a close-up figure of the left panel. 
 
Figure B.10 A sample of a part of the secondary NFB event on September 6, 2011. with 
dynamic spectra between 22:50:20 UT and 22:50:50 UT. The top panel shows the received 





Figure B.11 A close-up dynamic spectrum of LCP component of Figure B.8 with the time 
range between 06:27:55 UT and 06:27:58 UT. The sequence of NFBs resembles the 
broadband pulsations.  
 
 
